In the present work, an experimental investigation is performed to assess the thermal and electrical performance of a photovoltaic solar panel cooling with multi-walled carbon nanotube-water/ethylene glycol (50:50) nano-suspension (MWCNT/WEG50). The prepared nanofluid was stabilized using an ultrasonic homogenizer together with the addition of 0.1vol% of nonylphenol ethoxylates at pH = 8.9. To reduce the heat loss and to improve the heat transfer rate between the coolant and the panel, a cooling jacket was designed and attached to the solar panel. It was also filled with multi-walled carbon nanotube-paraffin phase change material (PCM) and the cooling pipes were passed through the PCM. The MWCNT/WEG50 nanofluid was introduced into the pipes, while the nano-PCM was in the cooling jacket. The electrical and thermal power of the system and equivalent electrical-thermal power of the system was assessed at various local times and at different mass fractions of MWCNTs. Results showed that with an increase in the mass concentration of the coolant, the electricity and power production were promoted, while with an increase in the mass concentration of the nanofluid, the pumping power was augmented resulting in the decrease in the thermal-electrical equivalent power. It was identified that a MWCNT/WEG50 nano-suspension at 0.2wt% can represent the highest thermal and electrical performance of 292.1 W/m 2 . It was also identified that at 0.2wt%,~45% of the electricity and 44% of the thermal power can be produced with a photovoltaic (PV) panel between 1:30 pm to 3:30 pm.
Introduction
Management of the chain of energy supply and preventing environmental pollution has led to a growing interest in renewable technology as a potential alternative to fossil fuel. A census has been reached that conventional fuels can potentially have significant economic, environmental, and social Fayaz et al. [43] Experimental and numerical Paraffin wax Facing the above literature, it can be concluded that the efficiency of PV/T systems can potentially be improved by using metallic nanoparticles together with a PCM at the backside of the panel. In the present work, the potential application of multi-walled carbon nanotube dispersed in water/ethylene glycol 50:50 (by volume) as a coolant in a PV/T system is experimentally investigated. To further improve the thermal performance of the panel and to increase the thermal absorption from the backside, carbon nanotube-paraffin nano-suspension was used as a PCM. The influence of the mass concentration of the nanofluid, flow rate of cooling loop and time of the day on the thermal and electrical efficiency of the PV panel was experimentally investigated and discussed. The equivalent thermal-electrical performance of the PV panel was also investigated as a performance criterion. Figure 1A represents the schematic diagram of the test rig used in the present research. In order to utilize the same solar irradiance profile, five similar test rigs were used to conduct the experiments in a similar condition. Each test rig included a nanofluid and/or water tank containing the heat transfer fluid (HTF). A 12-volt gear pump was used to circulate the HTF within the cooling loop. A bypass loop and a valve were employed to control the flow rate of the coolant within the PV panel. The flow rate of the fluid was measured with an ultrasonic flow meter (it is not shown in Figure 1 ) connected to a data logger. The outlet from the PV panel was cooled in a shell and tube heat exchanger constantly fed with water at 25 • C. The inlet and outlet temperatures of the HTF were recorded and logged with two Resistance temperature detectors (RTD) thermo-meters. Two digital multi-meters were employed to constantly record the current and the voltage of the photovoltaic panel. The produced electricity was stored in a battery storage, while the hot water produced with the heat exchanger was stored in a heavily insulated water tank. Figure 1B shows the schematic representation of the cooling jacket which not only is a PCM container, but also provides conditions to contact the PCM with the metallic body at the backside of the PV. The piping arrangement was parallel, and the flow direction was upward from the bottom of the PV towards the upper side. By doing that, not only the residence time of fluid was increased but also the heat loss from the PV panel could potentially be decreased and the thermal energy produced with the PV panel could completely be absorbed by the PCM. To improve the thermal energy absorption, multi-walled carbon nanotubes (MWCNTs) were also dispersed in paraffin to further increase the thermal conductivity of the PCM, which in turn improved the thermal diffusivity coefficient of the PCM. Notably, the presence of MWCNTs can slightly decrease the heat capacity (~3%), however, the anomalous enhancement in the thermal conductivity of the PCM can compensate for this reduction.
Experimental

Test Rig
To conduct the experiments, first, the system was allowed to operate for an hour to de-aerate the pipes, joints and the pump hose. Then, the measurement devices were turned on to continuously measure the temperature and flow rate. The experiments were conducted under standards defined by the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 96 (amended version in 1980). To measure the solar irradiance, pyrano-meter HOBO RXW LIB900 (accuracy: ±10 W/m 2 ) was employed (range of measurement: 0-1280 W/m 2 within the spectrum of 300-1100 nm) located above the PV panels. Four wireless sensors were connected to the pyrano-meter to increase the accuracy of the data readings. The dimension of the sensor was 4.1 cm (length) × 3.2 cm (diameter). The experiments were conducted in a place with coordinates of 27.1832 • N and 56.2666 • E.
Notably, the thickness of the copper-made cooling jacket was 3 cm and the diameter of the cooling pipes was 2.54 cm. About 3.4 kg of paraffin was also used within the system to fill the gaps between the cooling pipes and the surface of the PV panel. Also, insulation was used to ensure that the heat loss from PCM to the environment was negligible. The cooling jacket was made from copper to minimize the thermal resistance between the PV panel and the PCM. Notably, the thickness of the copper-made cooling jacket was 3 cm and the diameter of the cooling pipes was 2.54 cm. About 3.4 kg of paraffin was also used within the system to fill the gaps between the cooling pipes and the surface of the PV panel. Also, insulation was used to ensure that the heat loss from PCM to the environment was negligible. The cooling jacket was made from copper to minimize the thermal resistance between the PV panel and the PCM.
Preparation and Characterization of the Nanofluid
In the present work, the electrical and thermal energy production of the PV panel were quantified. Hence, the thermal characteristics of the HTF played the major role in the efficiency of the system. To prepare the nanofluid, the following procedure was applied:
1-The desired mass of multiwalled carbon nanotube was dispersed in water/ethylene glycol 50:50 (by volume). To quantify the mass of the nanoparticles, a balancer with an accuracy of 0.0001 g was employed. 2-An ultrasonic homogenizer was employed to uniformly disperse the MWCNTs within water/ethylene glycol (50:50) nano-suspension (WEG 50). The frequency, timer, and power throughput of the device were set to 20 kHz, 10 min and 30 Watt to ensure that the base 
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The desired mass of multiwalled carbon nanotube was dispersed in water/ethylene glycol 50:50 (by volume). To quantify the mass of the nanoparticles, a balancer with an accuracy of 0.0001 g was employed. 2-An ultrasonic homogenizer was employed to uniformly disperse the MWCNTs within water/ethylene glycol (50:50) nano-suspension (WEG 50). The frequency, timer, and power throughput of the device were set to 20 kHz, 10 min and 30 Watt to ensure that the base fluid would not evaporate and the structure of the carbon nanotube would not be affected by ultrasonic waves. 3-Nonylphenol ethoxylates at 0.1vol% was used to further increase the stability of the nanofluid by decreasing the surface tension and the attractive forces within the bulk of the nanofluid. Characterization tests were conducted to evaluate the dispersion of the MWCNTs in WEG 50 and to ensure that the structure of MWCNT was in accordance with the standard pattern obtained for MWCNT with purity >99.99%. Notably, the impurity involved in the structure of CNTs can strongly affect the thermal conductivity and other heat transfer characteristics of the nano-suspension. Hence, transmission electron microscopy and X-ray diffraction tests were utilized to ensure about the uniform dispersion and the structure of the samples. As can be seen in Figure 2A , the multi-walled carbon nanotubes have been dispersed within the sample uniformly and clustering and axial agglomeration of the MWCNTs cannot be seen within the sample. Also, Figure 2B shows the X-ray diffraction ( XRD) pattern obtained for the MWCNT samples. As can be seen, the identified peaks are in accordance with the peak numbers reported for the MWCNT and there is no impurity within the structure of MWCNTs. Also, time-settlement experiments were conducted to obtain the chemical conditions in which the MWCNT/WEG 50 was stable. To improve the stability of the nanofluid, pH setting using HCl + NaOH buffer solution (0.1 mM) was utilized resulting in the promotion of the stability of the nanofluids up to three weeks (at 0.3wt%). The longest stability for nanofluid at 0.3wt% was obtained at pH = 8.9 and after 10 min of sonication at 20 kHz.
fluid would not evaporate and the structure of the carbon nanotube would not be affected by ultrasonic waves. 3-Nonylphenol ethoxylates at 0.1vol% was used to further increase the stability of the nanofluid by decreasing the surface tension and the attractive forces within the bulk of the nanofluid.
Characterization tests were conducted to evaluate the dispersion of the MWCNTs in WEG 50 and to ensure that the structure of MWCNT was in accordance with the standard pattern obtained for MWCNT with purity >99.99%. Notably, the impurity involved in the structure of CNTs can strongly affect the thermal conductivity and other heat transfer characteristics of the nanosuspension. Hence, transmission electron microscopy and X-ray diffraction tests were utilized to ensure about the uniform dispersion and the structure of the samples. As can be seen in Figure 2A , the multi-walled carbon nanotubes have been dispersed within the sample uniformly and clustering and axial agglomeration of the MWCNTs cannot be seen within the sample. Also, Figure  2B shows the x-ray diffraction ( XRD) pattern obtained for the MWCNT samples. As can be seen, the identified peaks are in accordance with the peak numbers reported for the MWCNT and there is no impurity within the structure of MWCNTs. Also, time-settlement experiments were conducted to obtain the chemical conditions in which the MWCNT/WEG 50 was stable. To improve the stability of the nanofluid, pH setting using HCl + NaOH buffer solution (0.1 mM) was utilized resulting in the promotion of the stability of the nanofluids up to three weeks (at 0.3wt%). The longest stability for nanofluid at 0.3wt% was obtained at pH = 8.9 and after 10 min of sonication at 20 kHz. Since thermo-physical properties of the nanofluid play a major role in the thermal performance of the system, the density, thermal conductivity, and heat capacity of the nanofluids were measured experimentally. Likewise, the thermal conductivity of the PCM was also measured to ensure that the presence of MWCNTs could improve the thermal feature of the PCM. To measure the heat capacity and thermal conductivity of the nanofluids Decagon KD2 pro was used (accuracy: ±1% of reading value) and to measure the density, the density meter DM45 manufactured by Anton-Paar (accuracy: ±1% of reading value) utilized. Figure 3 presents the variation of the thermophysical properties of the nanofluid including thermal conductivity, density, and heat capacity with Since thermo-physical properties of the nanofluid play a major role in the thermal performance of the system, the density, thermal conductivity, and heat capacity of the nanofluids were measured experimentally. Likewise, the thermal conductivity of the PCM was also measured to ensure that the presence of MWCNTs could improve the thermal feature of the PCM. To measure the heat capacity and thermal conductivity of the nanofluids Decagon KD2 pro was used (accuracy: ±1% of reading value) and to measure the density, the density meter DM45 manufactured by Anton-Paar (accuracy: ±1% of reading value) utilized. Figure 3 presents the variation of the thermo-physical properties of the nanofluid including thermal conductivity, density, and heat capacity with the mass fraction of MWCNTs dispersed in WEG 50. In addition, the thermal conductivity of paraffin was assessed at various mass fractions of MWCNTs. Results were merged into one figure represented as Figure 3 . Here, "M" is a thermo-physical property and "M 0 " is the same thermo-physical property for WEG 50 and paraffin, respectively. As can be seen, for thermal conductivity, with an increase in the mass Energies 2019, 12, 2572 7 of 16 fraction of the nanofluid, the thermal conductivity of the nanofluid increased. The largest thermal conductivity enhancement was~23% belonging to nanofluid at 0.3wt%, in which the Brownian motion of MWCNTs is maximized. Also, it is expected that the thermal conductivity of the nanofluid is further enhanced due to the thermo-phoresis effect, which improves the migration of the nanoparticles due to the temperature difference within the bulk of the nanofluid. Also, density of the nanofluid increases with an increase in the mass fraction of the MWCNTs. The largest augmentation for the density was 5% at 0.3wt%. The heat capacity of the nanofluid was also decreased with an increase in the mass fraction of MWCNT. This is because the heat capacity of WEG 50 is relatively larger than MWCNT. Hence, with an increase in mass fraction of MWCNT, the contribution of WEG 50 in heat capacity of mixture decreases resulting in a small decrease in the heat capacity of the nano-suspension. The maximum reduction was~3% recorded at 0.3wt%. For MWCNT-paraffin, it was found that with an increase in the mass fraction of MWCNTs, the thermal conductivity of paraffin increased by~8%, 13.4%, and 19% for 0.1wt%, 0.2wt%, and 0.3wt%, respectively. Hence, to maximize the thermal conductivity of PCM, nanoparticles were dispersed in PCM at 0.3wt%.
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Data Reduction and Uncertainty Analysis
To quantify the thermal energy produced with the PV panel, Equation (1) was employed:
where, is the thermal energy produced with PV panel, ̇ is the mass flow rate of the working fluid, is the heat capacity of the working fluid, T is the temperature and O and in stand for outlet and inlet ports of the PV panel. To calculate the electrical power produced with the PV panel, the following equation was utilized:
where, . is the electrical power produced with PV panel, and are voltage and current of the open circuit and short circuit measured with a multi-meter. FFeff. is the filled factor considering the pumping power of the nanofluid, which strongly depends on the VOC and is inversely 
where, E th is the thermal energy produced with PV panel, . m is the mass flow rate of the working fluid, C p is the heat capacity of the working fluid, T is the temperature and O and in stand for outlet and inlet ports of the PV panel. To calculate the electrical power produced with the PV panel, the following equation was utilized:
where, E el. is the electrical power produced with PV panel, V OC and I SC are voltage and current of the open circuit and short circuit measured with a multi-meter. FF eff. is the filled factor considering the pumping power of the nanofluid, which strongly depends on the V OC and is inversely proportional to the temperature of the PV panel and also changes with mass concentration of the nanoparticles (due to the change in E pump ), which can be calculated with the following equation
:
To measure the surface temperature of the panel, five k-type thermos couples were axially installed at the center of the PV panel. The arithmetic average of the temperature reading was considered as a surface temperature. To calculate the equivalent thermal-electrical value of the system, the following equation was employed:
where, E el. is the electricity produced with the PV panel and E pump is the power consumed by the pump for circulating the nanofluids, which is supplied with the PV panel. In the present study, the equivalent thermal-electrical value was calculated at the peak time (1:30 pm to 3:30 pm). To calculate the uncertainty analysis, Kline-McClintock equation was utilized [44] . Table 2 shows the uncertainty values of the instruments used in the present research. Figure 4 shows the variation of the solar irradiance and the ambient temperature with local time measured on 15 th August 2018. As can be seen, the ambient temperature gradually increased reaching the maximum of 35 • C at 2:30 pm and then slightly decreased. However, for solar irradiance, the story is different. The solar irradiance was minimum at 8:30 am (550 W/m 2 ) and increased to 895 and 910 W/m 2 at 12:30 pm and 1:30 pm. Therefore, it is expected that the largest thermal production can be achieved at midday, however, due to the increase in the surface temperature of the solar panel, the electricity production might be affected as the resistance of the panel increases with an increase in the temperature of the panel. Hence, the performance of the cooling system must be regulated such that the surface temperature of PV be minimized from 1:30 pm to 3:30 pm to compensate for the increase in the solar irradiance. Also, heat loss to environment is another technical challenge, which can occur at high surface temperature. This can also be suppressed using an efficient cooling mechanism. Hence, the presence of the PCM plays a major role in absorbing the thermal energy from PV panel, particularly at midday. Figure 5A represents the dependence of the surface temperature of the PV panel on the local time for water, WEG 50, and nano-suspensions at 0.1wt% to 0.3wt%. As can be seen, with time spanning from 8:30 am to 2:30 pm, the surface temperature of the PV panel increased following a non-linear trend represented in Figure 5 . For example, for the panel cooling with water at 8:30 am, the average surface temperature of the PV panel was~32 • C reaching 46 • C at 2:30 pm. However, for the same local times, the surface temperature of the PV panel was 31 • C and 42 • C for WEG, 50 • C, 29 • C, and 41 • C for 0.1wt%, and 26 • C and 36 • C for 0.3wt%, respectively. This can be attributed to the improvement in the thermo-physical characteristics of the working fluid. Water was also used as a reference case to compare the results with the ones already presented in the literature. An agreement of ±4% is seen with the results published in the literature [30] . As can be seen, the presence of PCM and MWCNTs in the system further improved the thermal performance of the PV/T-PCM system. By adding MWCNTs to paraffin, the thermal conductivity of the PCM was improved by 19%, which in turn intensified the heat transfer rate between the backside of the PV panel and the cooling pipes passing through the PCM container. Also, due to the sensible thermal storage capability of MWCNT-paraffin PCM, the heat loss from the PV panel was absorbed by the PCM and transported to the coolant. The presence of MWCNTs in WEG 50 improved the thermal conductivity, Brownian motion and also the thermo-phoresis effect, which can be another reason for improving the thermal performance of the system. It is worth saying that the surface temperature data followed a polynomial trend, which is in good accordance with the results published in the literature. This trend was also in accordance with the experimental data collected with the pyrano-meter. Notably, nanofluids can considerably change the thermal performance of the system. This is because a chain of mechanisms is added to the system including Brownian motion, thermophoresis effect, Benard-Maragoni effect and also the inherent increase in the thermal conductivity of the nanofluid. These mechanisms always result in the promotion of the thermal performance of the system [45] [46] [47] [48] [49] [50] in comparison with the conventional single and two-phase systems as shown in our previous study [51, 52] . Figure 5A represents the dependence of the surface temperature of the PV panel on the local time for water, WEG 50, and nano-suspensions at 0.1wt% to 0.3wt%. As can be seen, with time spanning from 8:30 am to 2:30 pm, the surface temperature of the PV panel increased following a non-linear trend represented in Figure 5 . For example, for the panel cooling with water at 8:30 am, the average surface temperature of the PV panel was ~32 °C reaching 46 °C at 2:30 pm. However, for the same local times, the surface temperature of the PV panel was 31 °C and 42 °C for WEG, 50 °C, 29 °C, and 41 °C for 0.1wt%, and 26 °C and 36 °C for 0.3wt%, respectively. This can be attributed to the improvement in the thermo-physical characteristics of the working fluid. Water was also used as a reference case to compare the results with the ones already presented in the literature. An agreement of ±4% is seen with the results published in the literature [30] . As can be seen, the presence of PCM and MWCNTs in the system further improved the thermal performance of the PV/T-PCM system. By adding MWCNTs to paraffin, the thermal conductivity of the PCM was improved by 19%, which in turn intensified the heat transfer rate between the backside of the PV panel and the cooling pipes passing through the PCM container. Also, due to the sensible thermal Figure 5B shows the current-voltage (I-V) curve obtained for the PV cooling with various nanofluids. As can be seen, the peak of power production (122 W) is seen at 22.5 V for nanofluid at 0.3wt%. However, it is expected that the pumping power associated with the pressure drop of the system is also the highest at 0.3wt%. Hence, despite higher power production, still a portion of the electricity is consumed for pumping the nanofluids into the system, which affects the thermal-electricity equivalent power of the system. As can also be seen, with an increase in the mass concentration of the nanofluid, the cooling performance is improved, which in turn promotes the power production of the PV system. Figure 6 shows the variation of the surface temperature of the PV panel with the flow rate of the cooling loop for WEG 50 (base fluid) and nano-suspensions at various mass fractions of MWCNTs. As can be seen, with an increase in the flow rate of the coolant, the surface temperature of the PV panel decreased. For example, at a flow rate of 0.1 L/min, the surface temperature of the PV panel cooled with WEG 50 was 32 °C, reaching 27 °C at 1.0 L/min. This was because with an increase in the fluid flow, the velocity of the HTF increased, which in turn improved the convective heat transfer within the pipes. The larger the convective heat transfer, the larger the heat transfer between the PCM and the pipes inside the PCM container. Interestingly, with an increase in the mass concentration of the MWCNTs, the performance of the system was intensified, which is in accordance with the results already discussed in Figure 4 . For example, at a flow rate of 0.1 L/min, the surface temperature of the PV panel cooled with WEG 50 was 32 °C, however, the surface temperature of the PV panel for the same given flow rate was 29 °C, 28 °C, and 26 °C for nanosuspensions at 0.1wt%, 0.2wt%, and 0.3wt%, respectively. This was attributed to the improvement in the thermal performance of the coolant due to the enhancement in the thermal conductivity of the base fluid. Figure 6 shows the variation of the surface temperature of the PV panel with the flow rate of the cooling loop for WEG 50 (base fluid) and nano-suspensions at various mass fractions of MWCNTs. As can be seen, with an increase in the flow rate of the coolant, the surface temperature of the PV panel decreased. For example, at a flow rate of 0.1 L/min, the surface temperature of the PV panel cooled with WEG 50 was 32 • C, reaching 27 • C at 1.0 L/min. This was because with an increase in the fluid flow, the velocity of the HTF increased, which in turn improved the convective heat transfer within the pipes. The larger the convective heat transfer, the larger the heat transfer between the PCM and the pipes inside the PCM container. Interestingly, with an increase in the mass concentration of the MWCNTs, the performance of the system was intensified, which is in accordance with the results already discussed in Figure 4 . For example, at a flow rate of 0.1 L/min, the surface temperature of the PV panel cooled with WEG 50 was 32 • C, however, the surface temperature of the PV panel for the same given flow rate was 29 • C, 28 • C, and 26 • C for nano-suspensions at 0.1wt%, 0.2wt%, and 0.3wt%, respectively. This was attributed to the improvement in the thermal performance of the coolant due to the enhancement in the thermal conductivity of the base fluid. Figure 7 presents the dependence of the power production by the PV panel on the local time for different coolants used in the cooling system. Since the electricity production of a PV panel is strongly influenced by the temperature of the panel, it is crucial to maintain a uniform cooling rate to the PV panel to reduce the surface temperature of the panel below the maximum threshold allowable for the PV panel. As can be seen from the figure, the electrical power production of the PV panel was promoted with an increase in the mass fraction of MWCNTs. For example, at 2:30 pm which is the peak of the production, for the panel cooled with WEG 50, the power production reached 102 W/m 2 , while for the PV panel cooled with nanofluids at 0.1wt%, 0.2wt%, and 0.3wt%, the power production reached 110 W/m 2 , 116 W/m 2 , and 122 W/m 2 , respectively. By integrating the area captured by the power production-local time figure, it can be understood that ~45% of the total electricity production occurred at midday from 12:30 pm to 3:30 pm and the production of the electricity was larger for the PV panels cooled with nanofluids (2% to 5.6% larger than that of recorded for WEG 50). Interestingly, from 8:30 am to 12:30 pm, about 35% of the total electricity was produced with the PV panel and the rest was produced after 3:30 pm (~20%). This reveals the importance of the cooling loop in a PVT system. It is worth saying that the presence of the MWCNT-PCM not only fortifies the thermal energy absorption from the PV panel, but also improves the thermal performance of the system by transporting the thermal energy to the cooling pipes. Notably, a case study was also conducted without the PCM within the PV panel and a reduction of 15% in thermal performance was observed. This is because a portion of thermal energy was purged to the environment as a heat loss. Likewise, the presence of MWCNT-PCM and MWCNT-WEG 50 caused a more uniform heat transfer within the PV panel compared to WEG 50, which was due to the enhancement in the thermal diffusivity and thermal conductivity of the working fluid. Figure 7 presents the dependence of the power production by the PV panel on the local time for different coolants used in the cooling system. Since the electricity production of a PV panel is strongly influenced by the temperature of the panel, it is crucial to maintain a uniform cooling rate to the PV panel to reduce the surface temperature of the panel below the maximum threshold allowable for the PV panel. As can be seen from the figure, the electrical power production of the PV panel was promoted with an increase in the mass fraction of MWCNTs. For example, at 2:30 pm which is the peak of the production, for the panel cooled with WEG 50, the power production reached 102 W/m 2 , while for the PV panel cooled with nanofluids at 0.1wt%, 0.2wt%, and 0.3wt%, the power production reached 110 W/m 2 , 116 W/m 2 , and 122 W/m 2 , respectively. By integrating the area captured by the power production-local time figure, it can be understood that~45% of the total electricity production occurred at midday from 12:30 pm to 3:30 pm and the production of the electricity was larger for the PV panels cooled with nanofluids (2% to 5.6% larger than that of recorded for WEG 50). Interestingly, from 8:30 am to 12:30 pm, about 35% of the total electricity was produced with the PV panel and the rest was produced after 3:30 pm (~20%). This reveals the importance of the cooling loop in a PVT system. It is worth saying that the presence of the MWCNT-PCM not only fortifies the thermal energy absorption from the PV panel, but also improves the thermal performance of the system by transporting the thermal energy to the cooling pipes. Notably, a case study was also conducted without the PCM within the PV panel and a reduction of 15% in thermal performance was observed. This is because a portion of thermal energy was purged to the environment as a heat loss. Likewise, the presence of MWCNT-PCM and MWCNT-WEG 50 caused a more uniform heat transfer within the PV panel compared to WEG 50, which was due to the enhancement in the thermal diffusivity and thermal conductivity of the working fluid. Figure 8 shows the variation of the thermal power production of the PV panel with the local time for the PV panel cooling with various HTFs including WEG 50 and nano-suspensions at 0.1wt%, 0.2wt%, and 0.3wt%, respectively. As can be seen, the thermal power production of the PV increased with time spanning from 8:30 am to 2:30 pm and then decreased as the solar irradiance was suppressed in the afternoon. Similar to the electrical power production, the thermal power was intensified by increasing the mass fraction of the nanofluid such that the largest thermal power production was 260 W/m 2 observed at 2:30 pm for MWCNT-WEG 50 nanofluid at 0.3wt%. For the same local time, the power production was 202 W/m 2 , 195 W/m 2 , and 115 W/m 2 for nanofluids at 0.2wt% and 0.1wt% and WEG 50, respectively. Notably, the power production-local time trend follows the trend identified for solar irradiance. It is worth saying that the change in the rate of the power production for PV cooling with WEG 50 was relatively smaller than that of observed for nanofluids. To further evaluate the effect of PCM on the thermal performance of PV, a case study was conducted with water and no PCM. As can be seen, for this case, the absence of PCM material resulted in the decrease in thermal energy production of the system. Also, the absence of MWCNTs within the system further decreased the cooling performance of the PV system resulting in a decrease in thermal energy production of the PV panel. Figure 8 shows the variation of the thermal power production of the PV panel with the local time for the PV panel cooling with various HTFs including WEG 50 and nano-suspensions at 0.1wt%, 0.2wt%, and 0.3wt%, respectively. As can be seen, the thermal power production of the PV increased with time spanning from 8:30 am to 2:30 pm and then decreased as the solar irradiance was suppressed in the afternoon. Similar to the electrical power production, the thermal power was intensified by increasing the mass fraction of the nanofluid such that the largest thermal power production was 260 W/m 2 observed at 2:30 pm for MWCNT-WEG 50 nanofluid at 0.3wt%. For the same local time, the power production was 202 W/m 2 , 195 W/m 2 , and 115 W/m 2 for nanofluids at 0.2wt% and 0.1wt% and WEG 50, respectively. Notably, the power production-local time trend follows the trend identified for solar irradiance. It is worth saying that the change in the rate of the power production for PV cooling with WEG 50 was relatively smaller than that of observed for nanofluids. To further evaluate the effect of PCM on the thermal performance of PV, a case study was conducted with water and no PCM. As can be seen, for this case, the absence of PCM material resulted in the decrease in thermal energy production of the system. Also, the absence of MWCNTs within the system further decreased the cooling performance of the PV system resulting in a decrease in thermal energy production of the PV panel. 
Results
Solar Irradiance and Ambient Temperature
Surface Temperature of the PV Panel
Flow Rate of Cooling Loop
Electricity Production
Thermal Power Production
Electrical-Thermal Equivalent Power
To better analyze the performance of the PV/T-PCM system, the electrical power must also be converted to the thermal energy to provide a back to back comparison with other power production systems. Hence, the conversion factor of 0.38 was employed as suggested in the literature . 
To better analyze the performance of the PV/T-PCM system, the electrical power must also be converted to the thermal energy to provide a back to back comparison with other power production systems. Hence, the conversion factor of 0.38 was employed as suggested in the literature . Figure 9 shows the variation of the measured equivalent thermal-electrical value of the system with the local time for nanofluids at 0.1wt% to 0.3wt%. As can be seen, the largest equivalent thermal-electrical value was observed at 3:30 pm and for nanofluid at 0.2wt%. This is because, with an increase in the mass fraction of the nanofluid, the viscosity and also the pumping power required for circulation of the nanofluid increased, which in turn decreased the equivalent electrical-thermal value of the system. Therefore, it can be concluded that the plausible mass fraction of MWCNT for dispersion in WEG 50 for cooling a PV panel is 0.2. The largest equivalent electrical-thermal power was 307.9 W/m 2 which is competitive with the results reported in the literature. 
To better analyze the performance of the PV/T-PCM system, the electrical power must also be converted to the thermal energy to provide a back to back comparison with other power production systems. Hence, the conversion factor of 0.38 was employed as suggested in the literature . Figure 9 shows the variation of the measured equivalent thermal-electrical value of the system with the local time for nanofluids at 0.1wt% to 0.3wt%. As can be seen, the largest equivalent thermal-electrical value was observed at 3:30 pm and for nanofluid at 0.2wt%. This is because, with an increase in the mass fraction of the nanofluid, the viscosity and also the pumping power required for circulation of the nanofluid increased, which in turn decreased the equivalent electrical-thermal value of the system. Therefore, it can be concluded that the plausible mass fraction of MWCNT for dispersion in WEG 50 for cooling a PV panel is 0.2. The largest equivalent electrical-thermal power was 307.9 W/m 2 which is competitive with the results reported in the literature. Figure 9 . Variation of the equivalent electrical-thermal power production with mass concentration of the nanofluids during the peak of power production from 1:30 pm to 3:30 pm. Figure 9 . Variation of the equivalent electrical-thermal power production with mass concentration of the nanofluids during the peak of power production from 1:30 pm to 3:30 pm.
Conclusions
An experimental investigation was conducted to evaluate the electrical and thermal power production of a PV/T system equipped with a cooling jacket filled with MWCNT-paraffin as the PCM. Results showed that the presence of MWCNT-WEG 50 nanofluid improved the thermal performance of the system, electrical (~20% enhancement) and thermal production of the system (~130%), which was attributed to the reduction of the surface temperature of the PV panel, absorption of the thermal energy from PV panel with the PCM and also the improvement in the thermal conductivity of the PCM and the heat transfer fluid. The equivalent thermal-electrical value of the system during the peak time reached 276.3 W/m 2 to 307.9 W/m 2 showing the plausible application of the system for the co-production of thermal and electrical power with nanofluids. Also, the system was self-sustained and supplied the required energy for circulating the HTF within the system. However, further study on the heat transfer coefficient between the PCM and PV panel, heat transfer coefficient between the PCM and working fluid, and also a fundamental study on the role of nanoparticles on the thermal properties of PCMs is highly recommended to be conducted. 
